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Mendelian genetics presumes inheritance of fitness through DNA. Kinder et al. find that maternal
microchimerism induces stable immune tolerance to non-inherited maternal antigens in offspring.
Female offspring that share these antigenswith their mate experience reduced fetal wasting, estab-
lishing a role for vertical transmission of non-genetic information in reproductive fitness.Eutheria, or placental mammals, have
succeeded in nearly every biome on
earth, both terrestrial and aquatic. The
placenta affords eutherians an internal or-
gan for the prolonged nourishment and
protection of their fertilized eggs, allowing
mammals to birth highly developed
offspring. However, because the fetus
harbors antigens contributed by its
paternal genome, extended close contact
between tissues and blood supplies of
mother and fetus in the placenta poses a
potential risk that circulating cells of the
maternal immune system may reject the
offspring as ‘‘foreign,’’ resulting in im-
mune-mediated spontaneous abortions.
On the other hand, because the fetus in-
herits only half of the maternal genome,
many maternal antigens are foreign to
the fetus. These non-inherited maternal
antigens, or NIMA, represent potential
targets of a more mature fetal immune
system, such as that of term human
fetuses where there is the potential for
fetus-versus-mother immune reactivity.
In most mammals, however, the fetal
immune system is immature at birth
and therefore poses no threat of
reactivity against NIMA and the mother.
Yet, fetal tolerance to NIMA is widespread
among mammalian species, irrespective
of the immune competence of the fetus
at the time of birth. Why, then, is NIMA-
specific tolerance apparently universal
in placental mammals, and why—and
how—does it persist into adulthood?
Kinder et al. (2015) find that the answer
may lie in benefits to the selective repro-
ductive fitness of amother’s daughters af-
forded through the trans-placental trans-
mission of small numbers of mom’s cells.
The adaptive immune system, which
arose in vertebrates at least 300 million
years before the appearance of eutherianmammals, is unique in its ability to
recognize, and remember, a remarkable
diversity of antigens. Cells of the adaptive
immune system—B and T lymphocytes—
are educated and instructed not to mount
harmful responses toward antigens en-
coded within an organism’s own genome.
However, sexual reproduction necessarily
creates a situation where offspring harbor
antigens from the father that the mother’s
immune system has not previously
screened. The fertilized eggs of non-
placental vertebrates develop outside the
mother and thus avoid this problem. But
placental mammals have had to evolve
other strategies to mediate maternal-fetal
tolerance. A key component is the devel-
opment of maternal regulatory T (Treg)
cells that specifically suppress immune
reactivity to fetal antigens that are foreign
to the mother—those encoded by the
paternal half of the fetal genome.
Treg cells are a cornerstone of immune
tolerance and are characterized by their
expression of the transcription factor
Foxp3, mutation or deletion of which re-
sults in systemic autoimmunity (Josefo-
wicz et al., 2012). They are of two origins:
the thymus, where they are generated by
recognition of ‘‘self’’ antigens (so-called
‘‘thymic,’’ or tTreg cells); and the periph-
ery, where they are generated from naive
T cells largely by encounter with non-self
antigens (so-called ‘‘peripheral,’’ or pTreg
cells). Development of the pTreg cells re-
quires an intronic enhancer within the
Foxp3 gene locus, CNS1, which is not
required for the expression of Foxp3 by,
or development of, tTreg cells (Zheng
et al., 2010). This element contains bind-
ing sites for transcription factors activated
by TGF-b and retinoic acid, two factors
that are critical for pTreg cell development
and thus tolerance to non-self antigens.CellRemarkably, the CNS1 enhancer element
appears to be unique to placental mam-
mals, having been introduced by retro-
transposon insertion around the same
time that eutherians emerged in evolution
(Samstein et al., 2012). It is speculated
that this adaptation allowed, or at least
facilitated, the reproductive success of
eutherian mammals by providing a mech-
anism to specifically suppress maternal
immunity to paternal antigens of the
developing fetus. Accordingly, deletion
of this element in mice causes increased
fetal wasting due to failed development
of paternal antigen-reactive pTreg cells
(Samstein et al., 2012).
Interestingly, maternal-fetal tolerance
goes both ways. Evidence of fetal toler-
ance to products of non-inherited genes
of the mother has long been observed.
Hemolytic disease of the newborn is
mediated by maternal immunity to the
Rh blood antigen. In Rh negative women,
who are prone to develop anti-Rh anti-
bodies upon exposure to Rh positive
erythrocytes during childbirth (or blood
transfusion), it was found that develop-
ment of these antibodies was diminished
if their mothers were Rh positive (Owen
et al., 1954). This suggested that fetal
tolerance to NIMA (Rh, in this case) in
Rh-negative daughters of Rh-positive
mothers could affect the survival of future
Rh-positive grandchildren born by these
daughters. Owen et al. wondered whether
Rh expressed on maternal cells that were
transmitted to the fetus might be medi-
ating the tolerance that protected the
next-generation offspring. In this issue of
Cell, Kinder et al. provide a definitive
answer: ‘‘yes.’’
Building on a previous study in which
they used antigen-specific tools to estab-
lish that fetal antigen-specific pTreg cells162, July 30, 2015 ª2015 Elsevier Inc. 467
Figure 1. Microchimerism Tolerizes Offspring to Non-Inherited Maternal Antigens that Enforce Cross-Generational Reproductive Fitness
Placental mammals not only pass genetic material to offspring, but also maternal cells. Kinder et al. (2015) demonstrate that maternal cells that engraft in the
fetus (shaded gray) induce in female offspring long-lived Treg cell responses toward the NIMA expressed on microchimeric maternal cells. If the female later
mates with a male who has antigens in common with NIMA, Treg cell responses against these antigens expand during the pregnancy and protect the fetus from
immune-mediated wasting.developing in the mother during preg-
nancy were expanded by paternal fetal
antigens and protective in subsequent
pregnancies (Rowe et al., 2012), the au-
thors now explore the reciprocal induction
and durability of tolerance to NIMA in
offspring. While previous studies had es-
tablished a positive correlation between
engraftment of maternal cells, or maternal
microchimerism, and Treg cell-mediated
suppression (Mold et al., 2008), details
of how this occurred and its implications
for post-natal immune regulation were
not clear. The new study provides defini-
tive proof that maternal cells transmitted
to the fetus induce specific tolerance to
NIMA; that tolerance is mediated by anti-
gen-specific, Foxp3+ T cells with low
expression of Helios, a marker of pTreg
cells (Thornton et al., 2010); that NIMA-
specific tolerance ismore robust in female
than male offspring, correlating with
greater maternal microchimerism in the
reproductive tract of females; and that
maintenance of tolerance, and the Treg
cells that mediate it, requires maternal mi-
crochimerism that is sustained into adult-
hood.
Finally, the authors test the hypothesis
put forth by Owens et al. over 60 years
ago—that NIMA-bearing maternal cells
engrafted into the fetus might tolerize fe-
male offspring to antigens shared between
themother and futuremates of her daugh-468 Cell 162, July 30, 2015 ª2015 Elsevier Inters.Todo this, theauthorsbredallogeneic
males with females that were or were not
exposed to NIMA in utero. They confirmed
their previous findings that femaleswithout
previousNIMAexposure expandedNIMA-
specific pTreg cellswhen bredwith alloge-
neic males (Rowe et al., 2012). However,
femaleswith prior NIMA exposure showed
a much larger expansion of NIMA-specific
pTreg cells during pregnancy sired by allo-
geneic males, indicating a booster effect
for regulatory memory in NIMA-exposed
females. In essence, themother’s immune
system is learning to better tolerate the
paternal fetal antigens with each succes-
sive pregnancy sired by the same mate,
reinforcing pTreg cell responsiveness
primed by maternal microchimerism.
Furthermore, inboth infectiousandnon-in-
fectious abortive pregnancy models,
NIMA-specific pTreg cells prevented fetal
wasting only if the male mate shared that
NIMA specificity and if maternal microchi-
merism was preserved. If engrafted
maternal cells were eliminated, the pTreg
cells that responded to them declined
and fetal wasting increased. Collectively,
this work establishes a role for stable
maternal microchimerism in generating
andmaintaining NIMA-specific pTreg cells
that confer cross-generational reproduc-
tive fitness (Figure 1).
These findings address a longstanding
puzzle in the transmission and durabilityc.of tolerance to NIMA. For most euthe-
rians, which do not mount effective im-
mune responses in utero such that
trans-placental delivery of maternal cells
and NIMA presents no risk for fetal-
versus-maternal immunity, the engrafted
maternal cells lie in wait to educate the
developing immune system to become
tolerant of the NIMA at a later time—post-
natally and persistently. In some ways
this is reminiscent of another form of
engraftment that occurs from mother to
child—the transmission of the maternal
microbiome during and after birth—that
also requires pTreg cell-dependent toler-
ance to avoid pathogenic immune reac-
tivity to the diverse, non-self microbial
antigens (Maynard et al., 2012). Whether
to promote cross-generational reproduc-
tive fitness that favors selected male
mates of a grandmother’s grand-
daughter, or to foster a microbiome with
which the mother has an immune history,
the transmission of an immune education
through non-inherited antigens would
appear to be an important adaptation of
placental mammals that has allowed
them to flourish. However, the unique
ability of placental mammals to develop
pTreg cells by virtue of their Foxp3
CNS1 element raises an important ques-
tion: if pTreg cells are an evolutionary
adaptation that arose primarily to allow
placental pregnancies, where does this
leave non-placental mammals (marsu-
pials and monotremes) and other verte-
brates which must also cope with their
microbiomes? Is the relationship be-
tween the eutherian immune system and
microbiome a uniquely privileged one,
or are other forces at work here?
Comparative studies between eutheria
and their non-placental vertebrate rela-
tives should provide answers.
Kinder et al. establish a mechanism of
inheritance that operates differently from
traditional Mendelian genetics and re-
quires the participation of adaptive immu-
nity. And although this clearly impacts
reproductive fitness to female offspring,
what of male offspring? Why does the
maternal microchimerism not result in
strong NIMA-specific pTreg responses
in males? Is this due to the tissue-specific
nature of the generation and/or mainte-
nance of these NIMA responses? Or, is
it a more universal phenomenon under-
scoring a difference between male and
female physiology that could shed lighton the sex differences observed in
autoimmune disease? Either way, these
findings add a potential evolutionary
constraint to diversification of the major
histocompatibility complex (MHC) in a
population by enhancing reproductive
fitness if non-inherited maternal MHC
alleles are reintroduced back into its
offsprings’ gene pool. This flies in the
face of conventional wisdom that argues
for reproductive strategies that favor
outbreeding as a means to increase
MHC haplotype diversity and hybrid vigor
that benefit the individual and the broader
population. Might a little inbreeding also
be a good thing? Maybe mother knows
best.
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Selection and domestication of plants with genes that prevent grains from shattering in cereals was
essential for human civilization’s transition to agriculture-based societies. In this issue, Pourkheir-
andish et al. show that domestication of barley required evolution of a molecular system distinct
from other grains, such as rice and maize, and reveal that present-day cultivars derive from two
ancient domestication centers.The domestication and cultivation of wild
plants was a hallmark in the development
of human civilization and the catalyzer of
the transition from ancient hunter and
gatherer cultures to early farming commu-
nities. Around 10,000 BC, during the
Neolithic Revolution, domestication of ce-
reals like wheat, barley, rice, and maize
occurred during a relatively short time
span and at different geographical sites.The breeding selections were directed to-
ward diverse traits, e.g., plant architec-
ture, taste, or the number and size of
seeds. An important breeding target was
the modification of the seed dispersal
system for which our ancestors selected
in all cereal species very early during
domestication. For effective reproduc-
tion, wild progenitors of our major cereal
crops shed their seeds upon maturation.To enable efficient harvesting and to
avoid yield losses caused by seed shat-
tering, today’s cereal cultivars are derived
from progenitors in which this dispersal
system is modified and grains are re-
tained at the inflorescence rather than
being dispersed. Grasses exhibit a
remarkable biological variability in the
location of the abscission zone and the
diaspore, the dispersal unit, ranging from162, July 30, 2015 ª2015 Elsevier Inc. 469
